Introduction
The neutron emission measurements on the National Spherical Torus Experiment (NSTX) utilize an array of neutron detectors and electronics from the TFTR era [1 -3] . As indicated in the layout of the neutron diagnostics on NSTX shown in Fig. 1 U fission chamber (designated FC2), and four plastic scintillator detectors (including one NE 451 ZnS detector). The FC1 fission chamber is ~ 27x more sensitive than the FC2 fission chamber. The fission chambers can be operated in either pulse-counting mode or current mode while the scintillator detectors are all operated in the current mode. In principle, the fission chambers can also be operated in the mean-square voltage (Campbell) mode to provide a bridge between the pulse-counting and current modes, but this feature not used on NSTX. The count rate mode is linear up to ~ 4x10 x13 n/s where it is limited by pulse pileup. The range of the current mode is limited to ~ 10 13 -10 15 n/s. In the current mode, the lower limit is set by the need for sufficient signal for the current mode to be operative and the upper limit is set by saturation of the signal electronics. In fission chambers, these ranges increase as the quantity of 235 U is decreased.
Cross calibration of the pulse-counting and current modes is performed in the operating overlap region of ~ 1 -4x10 x13 n/s where the FC2 fission chamber remains in the pulse-counting mode while the FC1 fission chamber in the current mode (because of the larger quantity of 235 U). Obtaining conditions with sufficiently low yields for overlap operation of the fission chambers typically requires using NSTX discharges with one source operated at ~ 65 keV. Fission chambers are highly stable, with the detection efficiency varying typically less than 5% over extended periods of time [1] . "Detection efficiency" refers to the ratio of the time-dependent global fusion neutron rate, S n (n/s), to the detector signal (volts).
Only FC1 operating in the current mode is used for the fission chamber neutron measurements presented in this report and this detector is simply designated FC.
The detection efficiency of the plastic scintillators can be more prone to variation but these detectors have the advantage of a faster time response compared with the fission chambers. From the TFTR experience, neither fission chambers nor plastic scintillators showed any susceptibility to radiation damage [2] . (Radiation damage was found to produce a continuous decline in the detection efficiency of silicon surface barrier detectors, but these are not used on NSTX.)
Absolute calibration of the neutron diagnostics begins with using a 252
Cf radioisotope source for simulation of the 2.5 MeV d-d neutrons. The source is inserted into the NSTX vacuum vessel and both fission chambers are operated in the pulse-counting mode to measure the neutron response. The source is moved to numerous toroidal and poloidal locations to map the detector response function througout the NSTX vacuum vesel. An example of the reslults from this calibration procedure is shown in Fig. 2 . Analysis of the calibration data is performed using the Monte-Carlo N-Particle (MCNP) transport code [4] that models the effect of the material composition of internal and surrounding structures to simulate the calibration results. Spatial integration of the calibration data yields the global neutron sensitivity factor. The scintillator detectors are cross calibrated using discharges having suitable neutron emission rates that allow operational overlap of the fission chamber detectors operatingin the pulse-counting mode. Typical uncertainties using the 252 Cf radio-isotope source are in the range of ± 10% though statistical variations under plasma measurement conditions can increase the total absolute calibration uncertainty of the fission chamber detectors to ~ ± 20%.
Comparison of Measured and TRANSP-calculated Neutron Emission in NSTX
The various complex physical processes in fusion plasmas require sophisticated computer simulation tools to bring together theoretical models with measured data. One of the most comprehensive of such tools is the 1 1/2-D time dependent transport code TRANSP [5] that is routinely employed worldwide for analysis of tokamak experiments [6 -8] including the MAST [9, 10] and NSTX [11] spherical tokamaks. TRANSP analysis of fast ion transport in MHD-quiescent TFTR plasmas heated with different fractions and powers of deuterium and tritium neutral beams established that the spatially constant diffusion coefficient for energetic ions is low: D f ≤ 0.2 ± 0.2 m 2 /s [6] . Deuterium-tritium beam blip experiments gave an even lower limit: D f < 0.05 m 2 /s [7] . On TFTR, however, evidence was also found for spatially variable energetic ion diffusion [8] where neutron flux measurements indicated a small diffusion coefficient in the plasma core that increased toward the plasma periphery. For plasmas with strong MHD activity (fishbones, TAE modes) the inferred energetic ion diffusion coefficient was significantly larger:
With the exception of such cases, TRANSP calculations of the neutron emission agreed very well with the neutron measurements within the uncertainties imposed by the input data measurements required by TRANSP [6] .
In low aspect ratio spherical tokamaks, the magnetic field topology can cause energetic ion behavior to differ in several aspects compared with conventional aspect ratio tokamaks. Spherical tokamaks operate at significantly lower toroidal magnetic field than most tokamaks; e.g. B T = 0.3 -0.6 T in NSTX compared to 2 -5 T in conventional tokamaks and this leads to a large energetic ion gyroradius. For example, the gyroradius of 80 keV D co-injected neutral beam ions in NSTX can be ~ 0.3 m at the outboard midplane of the plasma. This is a sizeable fraction of the 0.68 m minor radius for typical plasmas. One consequence of this is that the guiding center model used in TRANSP for ion orbit tracking had to be modified. Implementing a full Monte-Carlo orbit following model was not computationally viable, so a simpler modification was invoked. In layman terms, this modification basically consisted of displacing ions from their guiding center orbit and re-calculating the gyro orbit size at random times during the evolution of a gyro transit.
TRANSP analysis using this approach compares favorably with full Monte-Carlo orbit tracking codes such as LOCUST [9] . On MAST, good agreement is observed between measured and TRANSP-calculated neutron rates [10] . These results present a third conundrum: the NPA diagnostic observes an MHDinduced loss of energetic ions for H-mode discharges but not for L-mode discharges [11] that can be supported only by the pre-2004 2FG scintillator measurements in Fig. 4 . For the moment, we ignore the discrepancy between measured and calculated rates and focus on the discrepancy amongst the diagnostic measurements themselves obtained with the fission chamber and the 2FG sc;intillator as well as the other scintillator detectors.
Analysis of Neutron Diagnostic Operational History on NSTX
In Fig 
Renormalization of the Neutron Detector Calibration Factors
The procedure for absolute calibration of the NSTX fission chamber neutron detectors was outlined in Sec. 1. The resulting fission chamber calibration factor, 9x10 Historically, this procedure used NSTX discharges with a sufficiently low neutron yield that the fission chambers remained in the pulse-counting mode but simultaneously a sufficiently high yield so that the scintillators were solidly in the current mode. Recently, however, it was discovered that this cross-calibration procedure was faulty. The problem was that the manufacturer of the fission chambers claimed that the pulse-counting mode was linear up to 5x10 5 cps where the scintillators had adequate signal for cross calibration in the current mode. But in fact the fission chambers were linear only up to about one-half this count rate. Thus non-linear saturation of the pulse-counting mode led to the erroneously low scintillator cross-calibration factors.
In this report, the procedure for cross calibration of the scintillators was modified wherein NSTX discharges with sufficiently high neutron yield ( ~ 0.5-2x10 14 n/s) were used so that the fission chambers and scintillator detectors were all in the current mode. This procedure is illustrated in Fig. 11 . The upper panel shows the fission chamber (FC) neutron rate using the calibration factor 9x10 13 n/s/volt. By way of example, the center panel shows the ratio of the 2FG scintillator detector raw voltage signal to the fission chamber raw voltage signal. Of note here is that this ratio does not stabilize until the neutron yield has "flat topped". This is because the slower time response of the fission chamber causes it to lag the scintillator during periods when the neutron rate is changing rapidly. The cross calibration of the scintillator to the fission chamber was performed during the stabilized phase of the ratio. The calibration factors for the scintillators were then adjusted to make the neutron rates match those of the fission chamber. The result is shown in the overlay of the neutron rates for the fission chamber and the 2FG ad Table 1 . In Table 1 , calibration factors used prior to the current renormalization are bracketed. The explanatory notes appended to the table should be consulted for other information. In particular, the procedure for applying the voltage offset and new calibration factors to the neutron waveforms has been revised wherein a correction for the offset voltage is subtracted from the raw signal before multiplying by the appropriate calibration factor.
This recalibration procedure is illustrated in more detail for the 2FG scintillator in The minimal data scatter also indicates that both detectors exhibit good stability over time. 
Conclusions
The With the new neutron calibration factors, the measured neutron rates for L-mode discharges lie within ± 1% of the TRANSP-calculated rates under all studied conditions.
The measurements for the H-mode data set, however, indicate a neutron deficit of 11.5%
relative to the TRANSP-calculated rates under all studied conditions.
Notwithstanding the analysis presented in Sec. 4, in the interest of simplicity and maintaining continuity with extant TRANSP analyses and associated databases omitting the L-mode normalization step and using the legacy fission chamber calibration factor, 9.0x10 13 n/s/volt, is deemed acceptable. Further refinements will be made pending the outcome of calculated/measured comparisons during the 2005 run. Offset=0.095v
Explanatory notes for Table 1 are given on the following page. Since the fission chamber is stable, this means that the observed decrease is in the 2FG and 1DE responses. Correspondingly, the 2FG and 1DE calibration factors increased during the run by the quoted percentages. The calibration factors given in Table 1 Since the fission chamber is stable, this means that the observed decrease is in the 2FG and 1DE responses. Correspondingly, the 2FG and 1DE calibration factors increased during the run by the quoted percentages. The calibration factors given in Table 1 . For H-mode data over the same period, the two neutron measurements are also in good agreement and show a neutron deficit of 11.5% relative to TRANSP calculations (lower panel).
